We report the first observation of coherent ρ 0 production (AuAu → AuAuρ 0 ) and ρ 0 production accompanied by mutual nuclear Coulomb excitation (AuAu → Au ⋆ Au ⋆ ρ 0 ), and the observation of coherent e + e − pair production (AuAu → Au ⋆ Au ⋆ e + e − ) in ultraperipheral relativistic heavy-ion collisions (UPCs). We give transverse momentum, mass, and rapidity distributions. The cross sections for coherent ρ 0 production at
Exclusive ρ 0 meson production, AuAu → AuAuρ 0 (Fig. 1a) , can be described by the Weizsäcker-Williams approach [ 2] to the photon flux and the vector meson dominance model [ 3] . A photon emitted by one nucleus fluctuates to a virtual ρ 0 meson, which scatters elastically from the other nucleus. The gold nuclei are not disrupted, and the final state consists solely of the two nuclei and the vector meson decay products [ 4] . In addition to coherent ρ 0 production, the exchange of virtual photons may excite the nuclei (Fig. 1b) , yielding the subsequent emission of single (1n) or multiple (xn) neutrons; these processes are assumed to factorize for heavy-ion collisions. In the rest frame of the target nucleus, mid-rapidity ρ 0 production at RHIC corresponds to a photon energy of 50 GeV and a photon-nucleon center-of-mass energy of 10 GeV. At this energy, Pomeron (P) exchange dominates over meson exchange, as indicated by the rise of the ρ 0 production cross section with increasing energy in lepton-nucleon scattering.
The photon and Pomeron can couple coherently to the nuclei. The wavelength λ γ,P > 2R A leads to coherence conditions: a low transverse momentum of p T < πh/R A (∼ 90 MeV/c for gold with R A ∼ 7 fm), and a maximum longitudinal momentum of p < πhγ/R A (∼ 6(9) GeV/c at γ = 70(100)), where γ is the Lorentz boost of the nucleus. The photon flux is proportional to the square of the nuclear charge Z 2 [ 2] , and the forward cross section for elastic ρ 0 A scattering dσ ρA /dt| t=0 scales as A 4/3 for surface coupling and A 2 in the bulk limit. The ρ 0 production cross sections are large. At a center-of-mass energy of √ s N N = 130(200) GeV, a total ρ 0 cross section, regardless of nuclear excitation, σ(AuAu → Au (⋆) Au (⋆) ρ 0 ) = 350(590) mb is predicted from a Glauber extrapolation of γp → ρ 0 p data [ 4] . Calculations for coherent ρ 0 production with nuclear excitation assume that both processes are independent, sharing only a common impact parameter [ 4, 5] .
In Events are selected with exactly two oppositely charged tracks forming a common vertex within the interaction region. The specific energy loss dE/dx in the TPC shows that the event sample is dominated by pion pairs. In the topology triggered data sets, without the ZDC requirement, cosmic rays are a major background. They are removed by requiring that the two pion tracks have an opening angle of less than 3 radians. Figure 2 shows kinematic distributions for the selected 2-track events in the √ s N N = 200 GeV minimum bias data; these distributions are similar for the other data sets. Figure 2a) shows the transverse momentum spectrum of oppositely charged pionpairs (points). A clear peak, the signature for coherent coupling, can be observed at p T < 150 MeV. Those events are compatible with coherently produced ρ 0 candidates. A background model from like-sign combination pairs (shaded histogram), which is normalized to the signal at p T > 250 MeV, does not show such a peak. The open histogram is a Monte Carlo simulation [ 4] for coherent ρ 0 production accompanied by nuclear break-up superimposed onto the background. The dN ρ /dp T (i.e. the dN ρ /dt ∼ dN ρ /dp 2 T ) spectrum reflects not only the nuclear form factor, but also the photon p T distribution and the interference of production amplitudes from both gold nuclei. The interference arises since both nuclei can be either the photon source or the scattering target [ 6] . A detailed analysis of the p T (t) distribution is in progress. The rapidity distribution in Fig. 2b ) is well described by the reconstructed events from the Monte Carlo simulation. The generated rapidity distribution is also shown. The acceptance for exclusive ρ 0 is about 40% at |y ρ | < 1. At |y ρ | > 1, the acceptance is small and this region is excluded from the analysis; the cross sections are extrapolated to the full 4π acceptance with the Monte Carlo simulation. Using the energy deposits in the ZDCs (Fig. 2c) ), we select events with at least one neutron (xn,xn), exactly one neutron (1n,1n), or no neutrons (0n,0n) in each ZDC; the latter occurs only in the topology trigger. Figure 2d) shows the dσ/dM ππ spectrum for events with pair-p T < 150 MeV/c (points). The fit (solid) is the sum of a relativistic Breit-Wigner for ρ 0 production and a Söding interference term for direct π + π − production [ 7] (both dashed). A second order polynomial (dash-dotted) describes the combinatorial background (shaded histogram) from grazing nuclear collisions and incoherent photon-nucleon interactions. Incoherent ρ 0 production, where a photon interacts with a single nucleon, yields high p T ρ 0 s, which are suppressed by the low pair p T requirement; the remaining small contribution is indistinguishable from the coherent process. A coherently produced background arises from the two-photon process AuAu → Au
It contributes mainly at low invariant mass M ππ < 0.5 GeV/c 2 . The small contribution from ω decays is neglected. Two-photon interactions include the purely electromagnetic process of e + e − pair production as well as single and multiple meson production. The coupling Zα (0.6 for Au) is large, so e + e − pair production is an important probe of quantum electrodynamics in strong fields [ 1] . At momenta below 125 MeV, e + e − pairs are identified by their energy loss in the TPC as shown in Fig. 4a ) for a √ s N N = 200 GeV minimum bias data sample. This data was taken with a 0.25 T magnetic field; at the full 0.5 T field the low momentum electrons are bent out of the acceptance. Figure 4b shows the p T spectrum for identified e + e − pairs; a clear peak at p T ∼ 1/b < 20 MeV/c identifies the process AuAu → Au ⋆ Au ⋆ e + e − . In summary, ultra-peripheral heavy-ion collisions are a new laboratory for diffractive interactions, complementary to fixed-target ρ 0 photo-production on complex nuclei [ 9] . The first measurements of coherent ρ 0 production with and without accompanying nuclear excitation, AuAu → Au ⋆ Au ⋆ ρ 0 and AuAu → AuAuρ 0 , confirm the existence of vector meson production in ultra-peripheral heavy ion collisions. The cross sections at √ s N N = 130 and 200 GeV are in agreement with theoretical calculations.
